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A joint fit to neutrino-nucleon scattering and pion electroproduction data is performed to evaluate
the nucleon axial form factor in the two-component model consisting of a three-quark intrinsic
structure surrounded by a meson cloud. Further constrains on the model are obtained by re-
evaluating the electromagnetic form factor using electron scattering data. The results of the axial
form factor show sizable differences with respect to the widely used dipole model. The impact of
such changes on the Charged-Current Quasi-Elastic neutrino-nucleus cross-section is evaluated in
the SuSAv2 nuclear model, based on the Relativistic Mean Field and including the contribution
of two-body currents. How the different parametrizations of the axial form factor affect the cross-
section prediction is assessed in full details and comparisons to recent T2K and MINERvA data are
presented.
2I. INTRODUCTION
The accurate knowledge of the nucleon’s form factors and a good control of nuclear effects in neutrino-nucleus
scattering in the GeV region are mandatory requirements for the analysis and interpretation of ongoing and planned
neutrino oscillation experiments [1–4], which aim at measuring neutrino properties with unprecedented precision and
search for CP violation in the leptonic sector.
While the weak vector form factors of the nucleon are related to the electromagnetic ones through conservation of
vector current (CVC) and are relatively well under control in the kinematical region of interest for these experiments,
an important source of uncertainty arises from the poor knowledge of the axial form factor GA. This occurrence gave
rise to the so-called ”MA puzzle” when the first neutrino-carbon cross-sections were published by the MiniBooNE
collaboration [5] and found to be largely underestimated by the theoretical prediction, unless a value of the axial
cutoff MA=1.35 GeV was used in place of the standard value MA ≃ 1 GeV. It was soon realized in Refs. [6–10] that
the discrepancy was mainly due to the incorrect treatment of nuclear effects, and in particular those going beyond
the Impulse Approximation (IA), corresponding to the excitation of two-particle two-hole (2p2h) states. While this
can solve the puzzle at a qualitative level, yet it is important to quantify the errors related to the nucleon structure
input and their interplay with nuclear corrections.
After a general introduction on the axial nucleon form factor and the neutrino-nucleus Charged-Current Quasi-
Elastic cross-section (Section I), in Section II we describe the main features of the two-component model for the
axial form factor of the nucleon (IIA), we re-evaluate the electromagnetic form factors in such model (II B) and we
perform the first evaluation of two-component model axial form factor with a joint fit to neutrino scattering and pion
electroproduction data (II C). Section III focuses on the impact of the nucleon axial form factor on the neutrino-nucleus
cross-section: the superscaling model (SuSAv2) used to describe the nuclear dynamics is introduced in Sec.III A, then
in Sec.III B we show the results obtained within the SuSAv2 model for neutrino and antineutrino scattering on a
carbon target using different prescriptions for the axial form factor and compare with experimental data in different
kinematical conditions. Conclusions are drawn in Sec.IV.
A. The nucleon axial form factor
The axial form factor GA has been measured directly by (anti)neutrino scattering on nucleon νµ + n → µ− + p
(ν¯µ + p → µ+ + n), or nuclei, or indirectly, by near threshold charged pion electroproduction in space-like region. It
is function of one kinematical variable, the momentum transfer squared Q2(for a review see [11]).
At the nucleon level, the effective Lagrangian for (anti)neutrino-hadron (νh) elastic neutral current (NC) νh→ νh
or charged current (CC) νh→ ℓh scattering (ℓ is a lepton) can be written as:
Lνh = −GF√
2
JµλJhµ . (1)
where the the leptonic current is given by:
Jµλ = ℓ¯γµ(1 − γ5)ν. (2)
The hadronic weak current is:
Jhµ = (1− 2 sin2 θW )V 3µ +A3µ −
2
3
sin2 θWV
0
µ + a0A
0
µ. (3)
In Eq. (3), the light quark contributions are combined to form the vector currents, isoscalar and isovector : (V 0µ , V
3
µ )
and axial-vector currents (A0µ , A
3
µ ); θW is the weak mixing angle, and a0 vanishes. Assuming isospin invariance and
time reversal invariance, the hadronic current matrix element between nucleon states can be written as:
< N(p′)|Jhµ |N(p) >= u¯(p′)
[
γµF1(Q
2) + i
σµνq
ν
2mN
F2(Q
2) + γµγ5GA(Q
2) + qµγ5
GP (Q
2)
2mN
]
u(p), (4)
where mN is the nucleon mass, p(p
′) is the four momentum of the initial(final) hadron and Q2 = −(p′ − p)2 is the
transferred four momentum squared. Vector current conservation requires that the Dirac and Pauli form factors, F1
and F2, are the same as the ones entering the hadron electromagnetic current and measured by electron scattering.
GA is the axial form factor and it is extracted from the Q
2 dependence of the cross-section for CC elastic scattering of
3(anti)neutrino on nucleons and nuclei. Experiments in the period 1969-1990 using bubble chambers [12–18] assumed
a dipole form for GA:
GDA (Q
2) =
GA(0)
(1 +Q2/M2A)
2
, (5)
where GA(0) is the axial-vector coupling constant GA(0) = 1.2695 ± 0.0029 [19]. The extracted values for MA
were recently reanalyzed at the light of more recent and precise electromagnetic form factors data in Ref. [20]. The
pseudoscalar form factor, GP , can be connected to the axial one making use of the PCAC (partially conserved axial
current) hypothesis (see [21] for details), through the Goldberger-Treiman relation,
GP (Q
2) =
4M2N
|Q2|+m2pi
GA(Q
2) ; mpi : pion mass . (6)
The Q2 dependence of the pion electroproduction cross-section at threshold gives information on GA(Q
2), but the
numerical value is highly model dependent. According to the chosen corrections, several determinations of GA can
be found, considering the same experiment and cross-section data.
The matrix element for pion electroproduction on the nucleon is fully described by six amplitudes, functions of five
independent kinematical variables. Assuming that the interaction occurs through the exchange of a virtual photon,
the cross-section in the center of mass frame of the final πN system, dσ/dΩpi, can be decomposed into a transverse
σT , longitudinal σL, and two interference parts, σLT , σTT , related to out-of plane kinematics:
dσ
dΩpi
=
dσT
dΩpi
+ ǫL
dσL
dΩpi
+
√
ǫL(1 + ǫT )
dσLT
dΩpi
cosφ+ ǫT
dσTT
dΩpi
cos 2φ, (7)
where ǫL(T ) is the longitudinal(transverse) polarisation of the virtual photon, φ is the angle between the eN -scattering
plane and the πN plane. For in-plane kinematics, one can disentangle the longitudinal and transverse components
by cross-section measurements at fixed Q2 through a Rosenbluth separation. At low energies, the connection with
the theory is done through multipole expansion, in terms of two S-wave multipole amplitudes, called E0+ and L0+,
related respectively to the transverse and longitudinal couplings of the virtual photon to the nucleon spin.
Both for pion electroproduction data and neutrino scattering data the dipole approximation is assumed a priori
and the axial meson mass is determined from a fit of the data. The corresponding value obtained from (anti)neutrino
scattering, MA = (1.026 ± 0.021) GeV, is lower than the value found from electroproduction experiments MA =
(1.069±0.018) GeV, leading to an axial radius difference of about 5%. In Ref. [11] this apparent discrepancy was solved
in the frame of baryon chiral perturbation theory (CHPT), pointing out an additional model-independent contribution
to a low energy theorem that relates an electric dipole amplitude to the axial radius. Such contribution can not be
obtained by current algebra methods. Isospin symmetry (as well as SU(3) ) is not a perfect symmetry of the Standard
Model. There are two sources of violation: the mass difference between up and down quarks and electromagnetic
corrections. Electromagnetic interactions are mostly responsible for the mass difference among the pion states. At
leading order in CHPT, form factors are q2 independent and are the same for proton and neutron, whereas at
higher orders, loops with mesons and nucleons of different masses contribute. The contribution from the exchange of
virtual photon will also be different. The corrections to isospin breaking are expected to be small within SU(2), and
somewhat larger within SU(3). In order to pin down isospin breaking effects, one needs to treat simultaneously the
electromagnetic and strong contributions. In this respect, CHPT constitutes a very powerful tool, as electric charge
is assigned dimension one in the power counting based on the observation that e2/(4π) ∼ m2pi/(4πFpi)2 ∼ 1/100 (with
mpi and Fpi the pion mass and decay constant respectively).
In the absence of new precise measurements of neutrino cross-sections on hydrogen and deuterium, the only way to
quantify the error related to the knowledge of GA is to inter-compare the predictions of available theoretical models for
the axial nucleon structure in the kinematical conditions of ongoing neutrino experiments. The dipole parametrization
of form factors is predicted by perturbative QCD, when the transferred momentum is transmitted to all three quarks
leaving the nucleon in its ground state. In a non relativistic approach, the dipole distribution is the Fourier transform
of an exponential charge distribution. Other models and parametrizations are available (axial-Vector dominance [22],
neural-network Bayesian analyses [23]) as well as recent results from lattice QCD [24]. In this letter the axial form
factor is calculated in frame of Vector Meson Dominance (VDM). We consider the parametrization of the axial form
factor from Ref. [25] and apply it to the study of (anti)neutrino-nucleus cross-sections. This parametrization is inspired
by the two-components model of Iachello, Jackson, Lande´ model (IJL) [26] for nucleon electromagnetic form factors,
further extended to the time-like region [27].
4B. The neutrino-nucleus cross-section
For a given energy Eν of the incident neutrino, the double differential cross-section for inclusive CC neutrino-nucleus
scattering, (νl, l), can be written in the Rosenbluth form:
d2σ
dpld cos θl
= σ0 (vCCRCC + vCLRCL + vLLRLL + vTRT ± vT ′RT ′) , (8)
where pl and θl are the outgoing lepton momentum and scattering angle, respectively, σ0 is the Mott-like cross-section
for weak interactions, vK are factors depending on the lepton kinematics [28] and RK(q, ω) are the five response
functions, embodying the nuclear physics content of the problem and depending on the transferred momentum and
energy q and ω. The ± signs correspond to ν and ν¯ scattering, respectively. The CC, CL, LL and T response
functions can be decomposed into vector-vector (V V ) and (AA) parts
RK = R
V V
K +R
AA
K , K = CC,CL,LL, T, (9)
arising from the contraction of the V and A leptonic and hadronic current, whereas the response RT ′ = R
V A
T ′ comes
from the interference of the leptonic vector and hadronic axial currents. According to the the values of q and ω, different
reactions contribute to the nuclear responses, which depend upon both the single-nucleon form factors entering the
elementary process and the model employed to describe the initial and final nuclear state. In the quasielastic (QE)
region, centered at ω = |Q
2|
2mN
, the dominant process is the elastic scattering of the probe with a bound moving nucleon,
corresponding to the current appearing in Eq. (4). Therefore the AA and V A quasielastic responses are affected by
the axial form factor uncertainties. The effect of different parametrizations of the vector form factors on the cross-
section has been explored in Refs. [29] and found to be negligible at the relevant kinematics for current neutrino
experiments [30].
In comparing theoretical predictions with neutrino data the cross-section (8) must be folded with the experimental
flux, which varies in mean energy and broadness depending on the specific experiment. As a consequence, unlike the
case of electron scattering where the beam energy is precisely known, for (anti)neutrino scattering it is impossible to
disentangle the genuine quasielastic reaction - i.e., the excitation of one-particle-one-hole (1p1h) states - from other
processes leading to the same final state. When only the outgoing lepton is detected and no pions are present in
the final state, the so-called CC0π cross-section receives contributions not only from QE scattering, but also from
processes induced by two-body meson-exchange currents (MEC), that can excite both 1p1h and 2p2h states. These
must be accounted for in the comparison with experimental data and can be more or less sizeable depending on the
kinematics [29, 31, 32]. The MEC also depend on various form factors, the most important ones being related to the
weak N → ∆ transition. In this work we will stick to the form factors used in Ref. [33] for the 2p2h responses and
focus on the sensitivity of the 1p1h response to the nucleon axial form factor GA.
II. NEW EVALUATION OF THE AXIAL FORM FACTOR IN THE TWO-COMPONENT MODEL
We perform for the first time a joint analysis of neutrino-deuterium scattering data and pion electroproduction data
in order to evaluate the sensitivity on the axial form factor of the nucleon, in the framework of the two-component
model [26]. Such model was used in Ref. [25] to analyze pion electroproduction data. In Ref [20] a comprehensive
analysis of neutrino-deuterium data was performed with the BBA07 parametrization. We rely on the latter for the
analysis of neutrino-scattering data reinterpreting the tabulated values of the form factor in the two-component model.
Further constraints on the axial form factor parametrization are extracted from a re-analysis of the electromagnetic
form factors in electron scattering data, updating the analysis reported in Ref. [27].
A. Features of two-component model for the axial form factor of the nucleon
The picture of the nucleon, where the three quarks are concentrated in a hard core of radius r ≃ 0.34 fm surrounded
by a meson cloud, was suggested by Iachello, Jackson, Lande´ (IJL model) [26] since 1973. In particular, this model
predicted the decrease of the electric to magnetic form factor ratio, much earlier than precise data, based on the recoil
proton polarization Akhiezer- Rekalo method [34, 35], were collected [36]. This approach was successful in describing
the four nucleon electromagnetic form factors (electric and magnetic, for proton and for neutron) [27, 37, 38], the
strange form factors of the proton [39] and was applied to the deuteron as well [40]. Advantages of this model are
that it contains a limited number of parameters and can be applied both in the space- and time-like regions. The
extension to axial form factors has been done in [25].
5Following Ref. [26], the axial nucleon FF can be parametrized as:
GA(Q
2) = GA(0) g(Q
2)
[
1− α+ α m
2
A
m2A +Q
2
]
,
g(Q2) =
(
1 + γQ2
)−2
, (10)
where Q2 > 0 in the space-like region and α is a fitting parameter which corresponds to the coupling of the photon
with an axial meson. One can fix mA = 1.230 GeV, corresponding to the mass of the axial meson a1(1260) with
IG(JPC) = 1−(1++). The form factor g(Q2) describes the coupling to the intrinsic structure (three valence quarks)
of the nucleon.
In non-relativistic approximation (and in a relativistic framework but in the Breit reference frame) form factors
are Fourier transforms of the charge and magnetic densities. The Fourier transform of the dipole (5) form is an
exponential
FT (GDA (Q
2)) = GA(0) exp(−r/MA) . (11)
The largest isMA the softer is the density that expands to larger distances. Similarly to the charge radius, the nucleon
axial radius (rA) is defined as: √
< r2A > = −6
1
GA(0)
dGA(Q
2)
dQ2
|Q2=0 , (12)
that gives
GA(Q
2)
GA(0)
= 1− 1
6
Q2
√
< r2A >+O(Q
4). (13)
Therefore from the slope of the axial form factor at Q2 → 0 one can deduce a value of the axial radius
√
< r2A > =
0.60 fm for Ref. [26] and a slightly larger value of 0.62 fm for Ref. [27], slightly smaller than the values obtained from
the dipole parametrization :
√
< r2A > = 0.64 fm MA = 1.069 GeV corresponding to charged pion electroproduction
and 0.67 fm for MA = 1.026 GeV as found in neutrino scattering. Note that from the two-component model, one
can disentangle the contribution of the quark core and of the meson cloud to the axial radius, finding that the meson
cloud dominates by a factor of ten. Updated values of the proton radius are extracted from the joint fit of electron
scattering and neutrino scattering data in the next section.
B. Fit of the electromagnetic form factor to electron scattering data
In the two component model, the intrinsic form factor related with the three-quark structure of the nucleon has
the following parametrization, common to the axial and electromagnetic interaction
g(Q2) =
1
(1 + γQ2)2
. (14)
Notably, this form is consistent with partonic QCD, even if the model was introduced before the development of
partonic QCD. The γ parameter can be extracted from a fit to the electromagnetic form factors, as reported in
Ref. [27]. Such analysis has been repeated here, including additional data made available since then and the correction
for the logarithmic dependence of perturbative QCD, which was suggested but not included in the fit in Ref. [27]:
Q2 → Q2 ln[(Λ
2 +Q2)/Λ2QCD]
ln(Λ2/Λ2QCD)
, (15)
with Λ = 2.27 GeV and ΛQCD = 0.29 GeV [41]. Such correction may give non-negligible effects at relatively high Q
2
(> 10% above 1 GeV2).
Following Ref. [27], the electromagnetic Sachs form factors are expressed as
GMp = (F
S
1 + F
V
1 ) + (F
S
2 + F
V
2 ), (16)
GEp = (F
S
1 + F
V
1 )−
Q2
4M2p
(FS2 + F
V
2 ), (17)
GMn = (F
S
1 − FV1 ) + (FS2 − FV2 ), (18)
GEn = (F
S
1 − FV1 )−
Q2
4M2n
(FS2 − FV2 ), (19)
6as a function of the Dirac (Pauli) isoscalar or isovector, FS1 (Q
2) (FS2 (Q
2)) or FV1 (Q
2) (FV2 (Q
2)) form factors which
are parametrized as
FS1 (Q
2) =
1
2
g(Q2)
[
1− βω − βφ + βω m
2
ω
m2ω +Q
2
+ βφ
m2φ
m2φ +Q
2
]
, (20)
FV1 (Q
2) =
1
2
g(Q2)
[
1− βρ + βρ
m2ρ + 8Γρmpi/π
m2ρ +Q
2 + (4m2pi +Q
2)Γρα(Q2)/mpi
]
, (21)
FS2 (Q
2) =
1
2
g(Q2)
[
(µpi + µn − 1− αφ) m
2
ω
m2ω +Q
2
+ αφ
m2φ
m2φ +Q
2
]
, (22)
FV2 (Q
2) =
1
2
g(Q2)
[
(µpi − µn − 1− αρ)
1 + γQ2
+ αρ
m2ρ + 8Γρmpi/π
m2ρ +Q
2 + (4m2pi +Q
2)Γρα(Q2)/mpi
]
, (23)
(24)
with
α(Q2) =
2
π
[
4m2pi +Q
2
Q2
]1/2
ln
(√
4m2pi +Q
2 +
√
Q2
2mpi
)
, (25)
µp = 2.793, µn = −1.913, mpi = 0.1396 GeV, mρ = 0.776 GeV, mω = 0.783 GeV, mφ = 1.019 GeV and βρ, βω, βφ,
αρ, αφ, γ free parameters in the fit to electron-scattering data.
We have analyzed the data from Ref. [36, 42–91]. A reasoned selection of available data has been performed, notably
removing old measurements when new and more precise ones are available for the same Q2 region; only data below
10 GeV2 have been considered. We did not include the very precise data from Ref. [92] since they would constrain
strongly the fit with a very large statistics at very low Q2. Given that this region is not the most relevant for the
neutrino-scattering experiments considered here, we leave the inclusion of those data and the corresponding discussion
for a further work. Those data are anyway well inside the final uncertainty of the present fit (including the inflation
error procedure described below). The results of the fit are presented in Fig. 1 and in Tab. I.
The fit results and the χ2 evaluation may be affected by correlations between the data points. Large correlations are
possible for data points obtained by the same experiment due to experimental systematic uncertainties. Unfortunately
such correlations are not published. Correlations between different data sets are also plausible due to theoretical
uncertainties in the extraction of the form factors from the measured cross-sections. In order to have conservative
enough uncertainties, notably for the γ parameter which is used for the axial form factor evaluation in Sec. II C, the
statistical treatment of error inflation as in Ref. [93] is applied. This treatment is based on the discussion in Ref. [94]
and consists in inflating the errors of the post-fit form factor parameters to ensure that the pulls between the fit and
the data have RMS= 1. The pulls are defined as
Gfit −Gmeasured
∆G(f ×∆p) , (26)
where G are the different form factors shown in Fig. 1 and ∆G is the error on such form factors computed propagating
numerically the uncertainties (∆p) on the parameters of Tab. I inflated by a factor f , conserving the fit correlations.
This procedure provides over-coverage of the data and thus ensures conservative uncertainties on the form factor
parameters to be used in the following.
C. Fit of axial form factor from pion electro-production and neutrino-scattering data
The joint fit of the electron- and neutrino-scattering data is performed taking into account the pion loop corrections
from Ref. [11]. Therefore two separated functions are defined for the nucleon form factor in pion electroproduction
and neutrino-scattering data
G˜piA(Q
2) =
gA
(1 + γ˜piQ2)2
(
1− α˜pi + α˜pi m
2
A
m2A +Q
2
)
(27)
GνA(Q
2) =
gA
(1 + γνQ2)2
(
1− αν + αν m
2
A
m2A +Q
2
)
(28)
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FIG. 1. Data and fit to the electromagnetic nucleon form factor in the two-component model. The red (grey) band shows the
statistical uncertainty before (after) the error inflation procedure
TABLE I. Results of the fit of the electromagnetic nucleon form factor to electron scattering data in the two-component model
and comparison to the previous analysis of Ref. [27]. Uncertainties and fit χ2 are not available for the latter. For the present
analysis the uncertainties before and after error inflation are reported.
Parameter with error inflation previous analysis [27]
βρ 0.475 ± 0.007 ±0.14 0.512
βω 1.19± 0.03 ±0.59 1.129
βφ −0.37± 0.03 ±0.66 −0.263
αρ 2.65± 0.03 ±0.59 2.675
αφ −0.27± 0.03 ±0.60 −0.200
γ (GeV−2) 0.529 ± 0.004 ±0.093 0.515
χ2/NDOF (NDOF) 2.01 (307) -
with mA = 1.23 GeV, gA = GA(0) = 1.2695 [19] and α
pi,ν , γpi,ν free parameters of the fit. It should be noted that
G˜piA(Q
2) is an effective form factor parametrization, not corrected for Ref. [11]. The neutrino form factor and the pion
electroproduction effective form factor are related by joint constraints in the likelihood minimization which include
the correction on the nucleon radius of Ref. [11]:
χ2 =
νdata∑ [GνA(Q2)− x
δx
]2
+
pidata∑ [ G˜piA(Q2)− x
δx
]2
+
(
γ˜pi − 0.529
0.093
)2
+
(
γν − 0.529
0.093
)2
+
(
r2ν − r˜2pi − 0.0456
0.0050
)2
, (29)
where x are measurements of the form factors in pion electroproduction and neutrino-scattering data and r˜pi , rν is
the nucleon radius from Eq. (12) evaluated using the form factors of Eq. (27), (28), respectively. The second and
third term of the likelihood are penalty terms to include the constraints on γ from the fit to the electromagnetic form
80 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
]2 [GeV2Q
0
0.2
0.4
0.6
0.8
1
(0) A
)/G2
(Q AG
Dombey and Read (data)
Dombey and Read (fit)
Furlan (data)
Furlan (fit)
Soft Pion (data)
Soft Pion (fit)
Partially Conserved Axial Current (data)
Partially Conserved Axial Current (fit)
 production (data)∆
 production (fit)∆
Dipole
0 0.1 0.2 0.3 0.4 0.5
]2 [GeV2Q
0.5
0.6
0.7
0.8
0.9
1
(0)
A
)/G2
(Q
A
G
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
]2 [GeV2Q
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
(0) A
)/G2
(Q AG
Allasia90 (nu data)
Baker81 (nu data)
Miller82 (nu data)
Kitagaki83 (nu data)
Kitagaki90 (nu data)
neutrino fit with Dombey Read
neutrino fit with Furlan
neutrino fit with Soft Pion
neutrino fit with Partially Conserved Axial Current
 production∆neutrino fit with 
Dipole
FIG. 2. Axial form factor in the two-components model evaluated with joint fits to the pion electroproduction data (left) and
neutrino scattering data (right) for different interpretations of the pion data. The dipole form factor is shown for comparison.
factors of Sec. (II B) and the correction to pion electroproduction values due to loop corrections from Ref. [11], with
the corresponding uncertainty.
We fit the pion electroproduction data as reported in [25], from various sources [95–99], and the neutrino-scattering
data as reported in [20], from various sources [12, 13, 17, 18, 100]. The pion electroproduction data can be interpreted
in different theory frameworks to extract the form factor. We consider here separately several cases: the Soft Pion
approximation [95], the Partially Conserved Axial Current approximation (PCAC) [96], the Furlan approximation
(enhanced soft pion production) [97] and the Dombey and Read approximation [98]. Data corresponding to ∆
excitation [99] are considered separately. The spread between the different approximations and sets of data is sizable
and should be considered as an intrinsic systematic uncertainty in the extraction of the form factor.
The results of the fits are shown in Fig. 2 and Tab. II. The statistical uncertainties are a factor ∼ 2 smaller than the
spread from different theoretical interpretations of the pion electroproduction data, the PCAC and Soft Pion approx-
imations corresponding to the two opposite extreme cases. In Fig. 3 (left), the difference between the form factor in
neutrino-scattering and in pion electroproduction is shown: according to the pion loop corrections, the latter measures
a slightly smaller nucleus radius, before correction, thus they exhibit a less steep Q2 dependence. The increasing of
the fit χ2 in case of Soft Pion, PCAC and Furlan models indicates a tension between pion electroproduction data,
in such interpretations, and the neutrino data. It should be noted, though, that no information is available on the
correlation of uncertainties between the different data inside the same data set, nor between different data sets.
As can be seen in Fig. 3 (right), all the fits show clear differences with respect to the dipole form factor (here
evaluated with axial mass MA = 1.026 GeV): in neutrino-scattering, the two-component model gives a larger form
factor than the dipole below about 1 GeV2 (up to 5% difference), while above 1 GeV2 the two-component model
predicts a smaller form factor than the dipole model. Around 3 GeV2 the difference is of the order of 15-30%. In
the same figure, the impact of including pion electroproduction data can be appreciated by comparing the fit using
only neutrino-scattering data. As already shown in Tab II, the Dombey-Read interpretation of pion electroproduction
data is the most in agreement with neutrino data.
III. IMPACT OF FORM FACTOR UNCERTAINTIES ON NEUTRINO-NUCLEUS INTERACTION
CROSS-SECTIONS
We focus here on CCQE and 2p2h cross-sections evaluated with the SuSAv2 model. We compare the cross-section
with different axial form factors: the dipole form factor and the form factor in the two-components model evaluated
with neutrino scattering and pion electroproduction data. For the latter we consider the two most extreme variations
given by the Soft Pion and PCAC approximations in the interpretation of the pion electroproduction data. While the
9TABLE II. Results of fit to pion electroproduction data and neutrino scattering data for different extractions of the pion data.
The fit using only neutrino scattering data is also shown for comparison. The value of the proton radius extracted from Eq. (12),
and including the corrections from Ref. [11] for pion electroproduction data (r2pi = r˜2pi − 0.0456), is reported.
Dataset α˜pi γ˜pi (GeV
−2) αν γν (GeV
−2) χ2/NDOF (NDOF ) rpi (fm) rν (fm)
Dombey-Read +ν 0.67± 0.05 0.53± 0.01 0.95± 0.04 0.53 ± 0.01 1.79 (46) 0.630 ± 0.007 0.630 ± 0.007
Furlan +ν 0.69± 0.05 0.53± 0.01 0.96± 0.04 0.0.53 ± 0.01 1.97 (50) 0.633 ± 0.006 0.633 ± 0.006
Soft Pion +ν 0.63± 0.05 0.53± 0.01 0.93± 0.04 0.53 ± 0.01 2.50 (57) 0.626 ± 0.004 0.626 ± 0.005
PCAC +ν 0.78± 0.05 0.53± 0.01 1.01± 0.04 0.54 ± 0.01 2.10 (64) 0.642 ± 0.003 0.642 ± 0.004
∆ excitation +ν 0.64± 0.05 0.53± 0.01 0.93± 0.04 0.53 ± 0.01 1.93 (44) 0.627 ± 0.007 0.627 ± 0.007
ν data only N/A N/A 0.94± 0.04 0.53 ± 0.01 1.94 (41) N/A 0.630 ± 0.004
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FIG. 3. Left: comparison of axial form factor for neutrino scattering data and pion electroproduction data (in the Dombey-Read
approximation) obtained by a joint fit. Right: comparison of dipole axial form factor to axial form factors in the two-component
model evaluated with fits to neutrino scattering data and to different interpretations of pion electroproduction data.
comparison of these form factor parametrizations allows the evaluation of the form factors uncertainties in a specific
model of the nucleon, most of the arguments developed below, highlighting the phase space regions which are most
affected by such uncertainties, has general relevance and can be applied to any form factor model.
A. Features of the SuSAv2 model of the nucleus
The SuSAv2 model, where ”SuSA” stands for Super-Scaling Approach and ”v2” for its improved version, is based
on the idea that in order to test and constrain nuclear models to be used in the analyses of neutrino experiments, it
is necessary to use the information provided by other experiments, in particular electron-nucleus scattering data.
The model, first introduced in [28], exploits the scaling and superscaling properties exhibited by electron scattering
data in order to predict neutrino-nucleus observables. In its more recent version, SuSAv2 [101], the model also takes
into account the behaviour of the responses provided by the Relativistic Mean Field (RMF): in particular, the natural
enhancement of the transverse electromagnetic response provided by RMF, a genuine dynamical relativistic effect,
is incorporated in the SuSAv2 approach. However, while the RMF approach works properly at low to intermediate
values of the momentum transfer q, where the effects linked to the treatment of the final-state interactions (FSI) are
significant, it fails at higher q due to the strong energy-independent scalar and vector RMF potentials, whose effects
should instead become less and less important with increasing momentum transfer. In this regime the relativistic
plane-wave impulse approximation (RPWIA) is indeed more appropriate. Therefore, the SuSAv2 model incorporates
both approaches, RMF and RPWIA, and combines them through a q-dependent ”blending” function that allows a
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smooth transition from low/intermediate (validity of RMF) to high (RPWIA-based region) q-values.
The SuSAv2 predictions for inclusive (e, e′) scattering on 12C have been presented in [31], where they are shown
to provide a remarkably good description of the data for very different kinematical situations. In order to perform
such comparison the SuSAv2 model has been extended from the the quasielastic (QE) domain to the inelastic region
by employing phenomenological fits to the single-nucleon inelastic electromagnetic structure functions. Furthermore,
ingredients beyond the impulse approximation, namely two-particle-two-hole (2p2h) excitations, have been added to
the model. These contributions, corresponding to the coupling of the probe to a pair of interacting nucleons and
associated to two-body meson exchange currents (MEC), are known to play a very significant role in the ”dip” region
between the QE and ∆ peaks. In the SuSAv2 approach 2p2h excitations are treated within the Relativistic Fermi
Gas (RFG) model, which allows for an exact and fully relativistic calculation, as required for the extended kinematics
involved in neutrino reactions. The sum of CCQE and 2p2h cross-sections are called CCQE-like in the following.
Comparisons of the model predictions to charged-current neutrino scattering observables are shown in Ref. [32] and
a good agreement with all available neutrino cross-sections is obtained.
B. Impact of the axial form factor on the CCQE-like cross-section
Figure 4 illustrates the total CCQE muon-neutrino and antineutrino cross-sections on 12C and their difference,
evaluated in the SuSAv2 model as a function of the (anti)neutrino energy. The cross-sections for different axial form
factors are compared and the contribution of different ranges of Q2 is shown. For completeness, we also display
the total result when considering 2p2h contributions, where the form factors are the ones used in Ref. [102] and
specified in Ref. [103]. The SoftPion case is always above the dipole, as expected from Fig. 3, since the region of
Q2 < 1.2 GeV2 dominates the cross-section for all values of Eν . The PCAC case is above the dipole for Eν <1 GeV,
where the contribution of Q2 < 0.5 GeV2 dominates the cross-section, and below the dipole for larger Eν where larger
Q2 values dominate. The differences in the cross-section using the different form factors can reach 4%. As previously
observed, the axial form factor only affects the axial-axial and vector-axial contribution to the cross-section. Due to
the cancellation between the TAA and the T
′
V A contributions in antineutrino cross-section, the effect of the different
axial form factors is different with respect to neutrino. Notably, above 3 GeV, a region more relevant for MINERvA,
the alternative form factors stay below the dipole up to larger energies. This is due to the fact that in the antineutrino
cross-section lower Q2 values are dominant with respect to neutrino cross-section. In practice such differences result
in effects on neutrino-antineutrino cross-section difference as large as +4% at 1 GeV and -8% (-12%) at 3 GeV (above
10 GeV).
The impact of the axial form factor on the neutrino-nucleus cross-section is clearly driven by the Q2 dependence of
the cross-section. A more detailed assess of such impact can be performed by studying the Q2 ranges as a function of
the muon kinematics. The relevant Q2 values for T2K [104] and MINERvA [105] are presented in Fig. 5 as function
of the muon kinematics and compared to the flux-averaged double differential cross-section (CCQE-like νµ-
12C). The
figure shows the flux-averaged Q2 value defined as∫ Emax(pµ,cos θµ)
Emin(pµ,cos θµ)
Q2(Eν , pµ, cos θµ)
dσ
dEν
f(Eν)dEν∫
dσ
dEν
f(Eν)dEν
, (30)
where f is the neutrino flux. In T2K, the Q2 at the maximum of the cross-section (cos θµ:0.7-0.9, pµ: 0.4-0.7 GeV)
lies around 0.1-0.2 GeV2 with tail to larger values up to 0.8 GeV2 in the backward angle region. In MINERvA the Q2
at the maximum of the cross-section (cos θµ >0.99, pµ: 3-4 GeV) lies around 0.2-0.3 GeV
2 with tail to larger values
up to 0.8 GeV2 in the region of cos θµ ∼0.95. The differences in kinematics between T2K and MINERvA are simply
due to the different energy of the neutrino flux. The MINERvA results include cuts on the detector acceptance as
used in Ref. [106] and they are shown also as a function transverse and longitudinal muon momentum (pT , pL). These
latter variables have a more direct mapping into Q2: a given bin of pT corresponds to a limited range of Q
2.
The SuSAv2 model, with different axial form factors, are compared to the T2K and MINERvA data in the next
Subsections. It is important to remind that the so-called CC0π data, where no pions are observed in the final
state, also contain possible pion-absorption effects, which are small at T2K kinematics (< 15%) [107] and larger for
MINERvA (& 20%) [108], as well as the contribution of two-particle-two-hole (2p2h) excitations, corresponding to the
coupling of the probe to a two-body meson-exchange current, i.e. to a pair of correlated nucleons. The contribution
of 2p2h excitations within the SuSAv2 model has been widely explored in past work [8, 9, 32, 33, 102, 109, 110] and
the results have been successfully compared with all existing electron- and (anti)neutrino scattering data on carbon
and oxygen. The results are in qualitative agreement with those of other microscopic calculations [6, 7, 10, 111],
although at a quantitative level some differences emerge. Although 2p2h are not the focus of the present study, these
reaction mechanisms are also added in the following plots to show how they modify the pure QE cross-section at T2K
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FIG. 4. Total CCQE and 2p2h neutrino and antineutrino cross-section on 12C within the SuSAv2 model for different prescrip-
tions of the axial form factor. The contributions from different Q2 ranges for neutrino (top left) and for antineutrino (bottom
left) are shown for the case of the dipole axial form factor. Similar results are found with other axial form factors parameter-
izations. The neutrino-antineutrino difference is also displayed (bottom right). The ratio between the 1p1h cross-section for
alternative form factors over the dipole case is shown in the bottom of each figure. The different axial-vector contributions for
neutrino is also shown (top right).
kinematics: their contribution is peaked at lower pµ than the QE one and tends to increase the cross-section by about
15%, yielding better agreement with the data. Further details on the model and additional comparison with data can
be found in the above mentioned references.
1. Effects of the axial form factor at T2K kinematics
In Fig. 6 the impact of the different parametrizations of the axial form factor on the single-differential cross-section
as a function of muon angle or momentum is shown. The effects can be quite large and different between neutrino
and antineutrino, notably in the backward region of very low cross-section.
In Fig. 7 the T2K neutrino and antineutrino double-differential cross-sections and the corresponding asymmetry
asymmetry =
d2σν − d2σν¯
d2σν + d2σν¯
(31)
are shown for different axial form factors. The largest differences between neutrino cross-sections evaluated with
different form factors is about 5%. By mapping the muon kinematics (pµ, θµ) into Q
2 on the basis of Fig. 5, the
largest difference with respect to the cross-section with dipole form factor, appears always in correspondence of Q2 ∼
12
FIG. 5. Left panels: flux-averaged Q2 distribution as a function of muon kinematics in units of GeV2 per nucleon. Right
panels: double differential flux-averaged cross-section as a function of muon kinematics in units of 10−39 cm2/GeV per nucleon
for the upper and mid panels and 10−39 cm2/GeV2 per nucleon for the lower panel. Top panels: T2K kinematics. Second and
third row: MINERvA kinematics with limited acceptance in cos θµ, pL and pT .
0.5 GeV2 for SoftPion, as expected from Fig. 3. The impact of the different Q2 regions is shown in Fig. 8, where also
the backward angle is analyzed. For forward angles, the Q2 ∼ 0.5 GeV2 region corresponds to the small tail at high
momentum, so at these angles the cross-section is mostly unaffected by form factor differences. For backward angles,
the Q2 ∼ 0.5 GeV2 region corresponds instead exactly to the region of larger cross-section with intermediate muon
momentum, thus the impact of form factors difference is larger. In the backward region, as shown in Fig. 9, the form
factor differences can reach 5%. In such region the effect in the antineutrino case is even larger, up to 10%. Still, in
the neutrino-antineutrino asymmetry the effect is at % level. The region Q2 > 1 GeV, where the different axial form
factors depart from each other sizeably, is negligible in T2K data.
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FIG. 6. Single differential cross-section (left) for neutrino and antineutrino as a function of muon angle (first row) and muon
momentum (second row) for different nucleon form factors at T2K kinematics. The ratio of the different form factors with
respect to dipole is also shown (right).
2. Effects of axial form factors at MINERvA kinematics
In Fig. 10 the effect of the form factors on the single-differential cross-section as a function of muon transverse and
longitudinal momentum (pT , pL) is shown.
The double differential cross-section as a function of pT , pL is shown in Fig 11. The region of Q
2 ≃ 0.5 GeV2 shows
differences of the order of 5%, similarly to T2K, while in the region of high pT and lower cross-section effects up to
10% and above can be observed.
In Fig. 12 the cross-section as a function of Q2 is compared for T2K and MINERvA and the role of the different
axial and vector contributions is shown. The ratio between cross-sections evaluated with different form factors for the
same Q2 is almost identical for T2K and MINERvA, showing that the different axial/vector relative contributions in
the two experiments play only a minor role in determining the effects of the axial form factor.
IV. CONCLUSIONS
In this work we have re-evaluated the nucleon form factors in the two-component model and explored the impact
of the uncertainties on the nucleon axial form factor, GA(Q
2), on the (anti)neutrino-nucleus cross-section. Firstly the
electromagnetic form factors have been evaluated for Q2 ≤ 10 GeV2 by using the large set of electron scattering data
available. The constraints obtained from such analysis have been used, then, to evaluate the axial form factor with
a joint fit of pion electroproduction data and neutrino data. Updated values and proper uncertainties are reported
for the parameters describing the electromagnetic and axial form factors and comparison to the dipole model are
provided for the latter.
The evaluated axial form factors are then implemented in the CCQE cross-section using the SuSAv2 model to
describe nuclear effects and compared to the cross-section obtained with the dipole form factor model. In general the
agreement of the SuSAv2 model with data, using the different axial form factors, is satisfactory and the experimental
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FIG. 7. The T2K flux-integrated CCQE and 2p2h double-differential cross-section for neutrino (first row), antineutrino (second
row) and the asymmetry (31) (third row) for scattering on 12C, within the SuSAv2-MEC model, using different form factors.
Results are displayed for different bins of the muon scattering angle as functions of the muon momentum. Double differential
cross sections are shown in units of 10−39 cm2/GeV per nucleon.
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FIG. 10. Single differential cross-section (left) for neutrino and antineutrino as a function of pT e (first row) and p|| (second
row) for different nucleon form factors at MINERvA kinematics. The ratio of the different form factors with respect to dipole
is also shown (right).
uncertainties on T2K and MINERvA measurements do not allow yet to clearly discriminate between the various form
factor evaluations. It is interesting to notice that, in the model considered here, the form factor effects have a different
Q2 dependence than the one of 2p2h, as well as a different neutrino/antineutrino dependence, making the disentagling
of nucleon and nuclear effects feasible in future with higher statistics measurements. The feasibility of this approach
relies on the capability of exploiting external data to drive the Q2 dependence of the form factor. For this reason, the
investigation of the earlier data of pion electro-production, as shown in Sec. II C, is of primary importance.
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FIG. 11. MINERvA flux-integrated double-differential cross-section for different axial form factors, as a function of the muon
transverse and longitudinal momentum, for neutrino (first row), antineutrino (second row) and the neutrino-antineutrino
asymmetry (third row). Double differential cross sections are shown in units of 10−39 cm2/GeV2 per nucleon.
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